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ABSTRACT 
Chloride induced corrosion of reinforcing steel is one of the most important damage 
mechanisms of reinforced concrete structures. The appearance of cracks in reinforced 
concrete structures will accelerate the ingress of chlorides and therefore cause a higher risk 
for corrosion and its propagation. In this research, autonomous healing of cracks by 
encapsulated polyurethane was investigated as a possible method to reduce chloride ingress 
through cracks. Therefore, uncracked, cracked, and healed concrete specimens were 
subjected to a high concentration NaCl solution for exposure periods of 7, 19, and 52 weeks.
Chloride profiles were determined in the crack region after each exposure period. The 
resulting chloride profiles showed that the autonomous crack healing mechanism formed a 
partial barrier which prevented the immediate ingress of chlorides through cracks. At depths 
below the surface larger than 12 mm, a self-healing efficiency of at least 70% was found for 
all exposure periods. Due to this big reduction in chloride concentration, a much lower 
amount of chlorides will reach the steel reinforcement through the cracks. This will postpone 
the time to corrosion initiation and reduce the corrosion rate of the steel reinforcement. 
Consequently, the use of self-healing concrete will have important benefits for the durability 
of reinforced concrete structures in marine environments.
Keywords: Autonomous self-healing, chloride diffusion, concrete cracking, encapsulated 
polyurethane
1 INTRODUCTION
Concrete is categorized as one of the world’s most widely used construction materials [1]. 
One of the main reasons for that is the large degree of freedom in construction design 
combined with a high compressive strength. However, most of the construction designs 
require materials that can both take compressive and tensile stresses. Therefore, steel 
reinforcement is used in almost every concrete structure. Reinforced concrete is without 
doubt an excellent construction material and it is categorized as one of the five longest lasting 
building materials [2]. Throughout the 20th century, the use of reinforced concrete as a 
building material has been growing a lot. However, nowadays a lot of structures that were 
built in the mid-20th century show deterioration due to durability problems before they reach 
their designed lifetime. One of the main causes of the durability problems in reinforced 
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concrete structures is the appearance of cracks in the concrete. Even though the steel 
reinforcement is well designed to take up the tensile stresses, cracks will appear in the 
concrete in the tensile zone. Consequently, aggressive substances can enter the concrete 
through the cracks and rapidly reach the steel reinforcement.  
Thus, the main danger for the durability of reinforced concrete structures is the formation 
of cracks in combination with the presence of aggressive substances in the environment. For 
that reason, a lot of damage is reported for constructions in marine environments. Sea water 
contains a high concentration of chlorides which is one of the aforementioned aggressive 
agents that can enter the concrete. Reinforced concrete structures in marine environments are 
thus very susceptible to rapid chloride ingress through cracks. Several studies have already 
been done to investigate the chloride penetration through cracks in concrete [3-8]. All of 
these studies agree that the presence of cracks accelerates the rate of chloride ingress in 
concrete. When the cracks reach the reinforcing steel, a high chloride concentration can then 
cause very severe reinforcement corrosion. If no repair actions are undertaken, the corrosion 
of the steel will continue and can endanger the structural integrity of the construction. 
In order to prevent deterioration of the structures, actions need to be taken to repair cracks 
and thus prevent rapid ingress of chlorides towards the steel reinforcement. Manual repair of 
cracks, however, is expensive and in some cases even impossible due to inaccessibility. 
Moreover, manual crack repair is mostly done when there is already some deterioration of the 
structure. It would be interesting if the cracks could be sealed at the moment of their 
appearance to prevent any further damage immediately. Therefore, the idea of giving the 
concrete matrix the property of restoring the cracks itself, also known as self-healing, grew 
during the last two decades [9-10]. A promising approach is modifying the concrete elements 
in order to obtain autonomous repair of cracks. This can for example, be obtained through the 
embedment of brittle capsules which are filled with a polymer based healing agent in the 
concrete matrix [11]. Acoustic emission analysis already proved that the brittle capsules are 
able to rupture upon crack formation [12]. Also, computed tomography was used to prove 
that the polymeric healing agent was released from the capsules and flew into the crack [11]. 
It was also already shown that an autonomous healing mechanism has a beneficial influence 
on the resistance against chloride penetration [13-14]. In this study, the autonomous crack 
healing mechanism was further investigated to evaluate the resistance against chloride 
penetration at different exposure times. 
2 MATERIALS AND METHODS
2.1 Concrete 
A fly ash containing concrete mix with a water-to-binder (W/B) ratio of 0.41 was used in 
this research. A fly ash-to-binder (F/B) ratio of 15% was used, according to the k-value 
concept [15]. This mixture composition is appropriate for use in a marine environment since 
an increased resistance against chloride penetration was found for concrete mixtures where 
cement is partially replaced by fly ash [16-18]. The mix composition and properties of the 
concrete are given in Table 1. 
2.2 Self-healing mechanism 
The autonomous healing mechanism that was used in this study consisted of embedding 
capsules filled with a polyurethane healing agent in the concrete matrix. The cylindrical 
capsules were made of borosilicate glass and had a length of 35 mm, an internal diameter of 3 
± 0.05 mm and a wall thickness of 0.175 ± 0.03 mm. In practice, the use of a very brittle 
material for encapsulation is only feasible when the capsules are placed in the mold of a 
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prefabricated element. The advantage of placing the capsules in the molds before pouring the 
concrete is that the healing mechanism can be placed at locations where the concrete is most 
vulnerable to cracking. 
One end of the capsule was sealed by a methyl methacrylate (MMA) based glue. When 
the glue was hard, the polyurethane precursor was carefully injected in the capsules by means 
of a syringe with a needle. After that, the other end of the capsules was sealed with the same 
MMA based glue. 
The polymer based healing agent used for this research is a one component polyurethane 
precursor. The precursor is a non-commercial product which was developed in the framework 
of another project (SHEcon). It has a viscosity of 6700 mPas at 25°C. It essentially consists 
of methylene diphenyl diisocyanate (MDI) and a polyether polyol. When the precursor comes 
into contact with moisture, it starts to polymerize and forms solid flexible foam within 24 to 
48 hours. 
Table 1. Concrete mix composition and properties 
Sand 0/4 (kg/m³) 696
Aggregates 2/8 (kg/m³) 502
Aggregates 8/16 (kg/m³) 654
CEM I 52.5 N (kg/m³) 317.6
Fly Ash (kg/m³) 56
Water (kg/m³) 153
Superplasticizer (ml/kg binder) 3.0
W/B (-) 0.41
F/B (%) 15
Slump S3
Strength class C40/50
2.3 Concrete specimens with (out) self-healing properties 
Cylindrical concrete specimens with a diameter of 100 mm and a height of 50 mm were 
cast using plastic PVC molds. Cracks were introduced in the specimens in an artificial way 
by means of thin brass plates. The plates had a thickness of 300 µm and a length of 60 mm. 
They were placed in the center of the PVC molds up to a depth of 25 mm by fixing them onto 
iron rods (see Figure 1(a)). In the self-healing concrete specimens, cracks were also produced 
using the thin brass plates. In order to trigger the autonomous crack healing mechanism at the 
moment of crack creation, the method described by Belleghem et al. [19] was used. 
Hereby, holes are drilled in the thin brass plate and the capsules are put through those holes. 
In this study, three capsules were put through the thin brass plate with an intermediate 
distance of 20 mm. Their position was fixed at half the depth of the crack (12.5 mm from the 
surface) by gluing the ends of the capsules on nylon wires (Figure 1b). 
When the molds were prepared, concrete was cast and the samples were compacted on a 
vibrating table. After casting, the specimens were put in an air-conditioned room with a 
temperature of 20 ± 2 °C and a relative humidity of at least 95%. After 24 hours all 
specimens were demoulded and stored in the same environment for 27 days. A total of 27 
specimens were prepared: 9 specimens without a crack (UNCR), 9 specimens containing an 
artificial crack (CR) and 9 specimens containing an artificial crack with the aforementioned 
autonomous crack healing mechanism (HEAL). 
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Figure 1: (a) Positioning of the steel plates to create artificial cracks; (b) preparation of 
specimens with an autonomous crack healing mechanism. 
2.4 Crack creation and healing 
At the age of 28 days, the specimens were removed from the air-conditioned room and 
the brass plates of the series CR and HEAL were removed from the specimens. The removal 
of these brass plates created standardized cracks in the concrete cylinders with a length of 60 
mm, a depth of 25 mm and a width of 300 µm. For the specimens with the autonomous crack 
healing mechanism, the capsules broke due to the removal of the plates and the polyurethane 
precursor was released in the crack. The precursor then reacted with the moisture of the 
concrete matrix and solidified in the crack. All specimens were then left for 48 hours at a 
temperature of 20°C and a relative humidity of 60%. In this way, the polyurethane in the self-
healing concrete samples was given the time to harden completely. 
2.5 Specimen preparation 
Due to the described crack creation method, the test surface of the specimens, containing 
the crack, was a troweled surface. Therefore, a layer of approximately 1 mm was cut off by 
water-cooled sawing in order to obtain a flat test surface. In order to ensure unidirectional 
chloride ingress through the test face of the sample, all sides of the specimens except the test 
surface were coated with an epoxy coating. The coating was applied in two layers to make 
sure that the coated sides were really watertight.  
2.6 Accelerated chloride diffusion test 
Accelerated chloride diffusion tests were performed on all specimens according to NT 
Build 443, though without pre-saturation of the specimens in saturated calcium hydroxide 
solution. The exposure solution for the accelerated diffusion test was an aqueous NaCl 
solution with a concentration of 165 g NaCl per liter of solution. The specimens were 
immersed in the prepared solution in closed containers. The containers were then placed in a 
temperature controlled room at 20°C. 
The influence of cracks on chloride penetration and the efficiency of the proposed self-
healing mechanism to limit the chloride ingress through cracks was investigated at different 
exposure times of 7, 19 and 52 weeks. At these respective times, three specimens of each 
series (UNCR, CR and HEAL) were removed from the exposure solution. Subsequently, 
layers with a thickness of 2 mm were ground from each cylinder parallel to the exposed 
(b) (a) 
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surface up to a depth of 20 mm. Since only the chloride ingress in the crack zone was 
important in this study, material was ground away in a zone of 16 × 78 mm around the crack. 
All collected powders were then dried in an oven at 105°C for a minimum of 7 days. When 
the powders were dry, the total chloride content of each powder was determined by an acid-
soluble extraction in a nitric acid solution followed by a potentiometric titration against silver 
nitrate [20].  
2.7 Chloride profile fitting 
Fitting of the obtained chloride profiles of all specimens was performed according to the 
well-known formula suggested by Collepardi et al. [21]:  
(1)
where C(x, t) is the chloride concentration measured at depth x and time t (m%/binder), 
Ci is the initial chloride concentration (m%/binder), Cs is the constant surface concentration 
(m%/binder), erf(.) is the error function and De is the apparent diffusion coefficient (m²/s). 
The first point of the profile (layer 0-2 mm) was omitted in this regression analysis, according 
to NT Build 443. 
3 RESULTS AND DISCUSSION
The experimentally obtained chloride profiles and corresponding profile fittings according 
to Eq.(1) for all uncracked, cracked and healed specimens at the exposure periods of 7, 19 
and 52 weeks are shown in Figure 2. The experimental results of the three replicate 
specimens of each series are indicated by separate dots and the corresponding fitting is 
denoted by a continuous line. 
3.1 Influence of cracks on chloride penetration 
As already mentioned in Section 1, it has been experimentally and numerically proven in 
several studies that the presence of cracks in concrete enhances the ingress of chlorides. It is 
thus not surprising that in this study a big increase in chloride ingress was found due to the 
presence of a 300 µm wide crack. As can be seen in Figure 2, the influence of the crack is 
small close to the exposed concrete surface since the (cracked) surface is directly exposed to 
chlorides. However, deeper inside the concrete the difference in chloride content between the 
uncracked and cracked specimens becomes much larger. To show this more clearly, the 
increase in chloride content due to the presence of a crack is plotted in function of the 
distance from the exposed surface in Figure 3. 
At all exposure times, the increase in chloride content due to the presence of a crack rises 
nearly exponentially with depth. The influence of the crack is largest at the shortest exposure 
period (7 weeks). This can be explained by the fact that in the very early stage the ingress of 
chlorides in cracked concrete is governed by capillary suction. This is a very fast process and 
consequently the chlorides enter through the crack very fast, causing a high chloride content 
at a large depth below the surface. For longer exposure periods (19 or 52 weeks), there is still 
a big influence of the crack on the ingress of chlorides, but less pronounced than at 7 weeks. 
The reason for this is that at longer periods of immersion, diffusion becomes the dominating 
ingress mechanism. The diffusion rate of chlorides in cracked concrete is smaller compared 
to uncracked concrete, because a lot of chlorides were already present in the cracked concrete 
near the crack surface due to early capillary absorption. 
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Figure 2: Experimental and fitted chloride profiles for uncracked, cracked and healed 
concrete after an exposure time of (a) 7 weeks, (b) 19 weeks and (c) 52 weeks to 165 g/l 
NaCl solution. (Partly redrafted after Van Belleghem et al. [22]) 
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Figure 3: Influence of a crack on the chloride content as a function of the distance from the 
exposed concrete surface. 
3.2 Efficiency of autonomous crack healing to limit chloride ingress through cracks
The previous section clearly shows that cracks can cause durability problems in concrete 
elements due to the higher chloride penetration. The main topic of this research was to 
investigate to what extent the proposed autonomous crack healing mechanism is able to 
reduce the ingress of chlorides through cracks. The chloride profiles in Figure 2 clearly show 
that autonomous crack healing is able to reduce the chloride content in the concrete to a large 
extent at all tested exposure times. It can be seen that the fitted chloride profile of the healed 
specimens lies in between the fitted chloride profiles of the cracked and uncracked specimens 
with exception of the first two layers (0-4 mm). This indicates that the autonomous crack 
healing is able to reduce the ingress of chlorides through a crack, but it does not make the 
concrete behave as it would be uncracked. 
To give a quantitative idea about the performance of the healing mechanism, the self-
healing efficiency (SHE) at every depth i below the exposed surface was defined according to 
equation 2 [22]:  
(2)
where CR, iCl
 represents the chloride content of the cracked specimen at depth i 
(m%/binder), HEAL, iCl
 is the chloride content of the healed specimen at depth i (m%/binder) 
and UNCR, iCl
 is the chloride content of the uncracked specimen at depth i (m%/binder). 
The SHE was calculated for every depth at the three different exposure times. The results 
are shown in Figure 4. No SHE was calculated at a depth of 0-2 mm for an exposure time of 
7 weeks and at a depth of 0-4 mm for an exposure time of 19 and 52 weeks. This is because 
the fitted profile of the healed specimens is located above the fitted profile of the cracked 
specimens at these respective depths. Consequently, a negative SHE would be found 
according to the definition given in Eq.(2).  
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Figure 4: Self-healing efficiency in function of the distance from the exposed surface. 
At exposure times of 7 and 19 weeks the SHE generally shows the same trend. A low 
healing efficiency is found close to the exposed surface, a maximum healing efficiency is 
found at depths below the surface of 8 to 12 mm and at larger depths the SHE decreases a 
little and has a tendency to go towards a stable value. The main reason for the location of the 
maximum SHE is the fact that the capsules are located at this depth. Although there is a slight 
decrease in the SHE from a depth of 12 mm onwards, still a healing efficiency of 75% or 
higher is found. It can also be noticed that the SHE is always a little higher at an exposure 
time of 19 weeks compared to 7 weeks. This is caused by the fact that the crack healing is 
never exactly the same for every crack. There is always a small variability in crack healing, 
so it is possible that the 3 healed specimens which were taken out of the solution at an 
exposure time of 19 weeks were slightly better healed than the ones that were taken out at 7 
weeks. The evolution of the SHE in function of the depth below the surface at an exposure 
time of 52 weeks is different from the previous mentioned ones. In this case there is no 
maximum found at the location of the capsules. Instead, the SHE increases nearly 
logarithmically in depth (see Figure 4).  
In the layers from 4 to 14 mm below the surface, the SHE at 52 weeks of exposure is up 
to 27% less than at 7 weeks and up to 36% less than at 19 weeks. A possible reason for this 
reduction can be that there is a degradation in the polyurethane after long term exposure to 
the high concentration chloride solution. However, this is still uncertain and should be further 
investigated. At depths below the surface larger than 14 mm, the SHE reaches values that are 
similar to the values at the other exposure times. At the deepest investigated layer (18-20 
mm) the SHE after 52 weeks is still 79%. 
The results show that the autonomous crack healing mechanism is able to form a partial 
barrier against immediate chloride ingress through cracks. For the longest exposure time of 
52 weeks the SHE was generally less than for the shorter exposure periods, but at a depth of 
18-20 mm a similar SHE of 77 to 79% was found for all exposure times. This means that the 
self-healing mechanism is effective in reducing the chloride concentration at a depth of 20 
mm and probably also at higher depths. Since the concrete cover on the reinforcing steel of 
most reinforced concrete structures is larger than 20 mm, application of self-healing concrete 
will be effective in reducing the chloride concentration at the level of the steel reinforcement. 
For very high concrete covers and thus large crack depths it might be possible that two layers 
of capsules are needed to achieve a good self-healing efficiency. 
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4 CONCLUSIONS 
Based on the accelerated diffusion tests done in this research, it was found that the 
presence of an artificial 300 µm wide crack has a large effect on the chloride ingress. The 
influence of a crack was small close to the exposed concrete surface, but increased 
exponentially with depth. At an exposure time of 7 weeks the chloride content at a depth of 
20 mm was 18 times higher in cracked than in uncracked concrete. For longer exposure 
periods (19 or 52 weeks), there is still a big influence of the crack on the ingress of chlorides, 
but a little less pronounced than at 7 weeks. This shows that cracks in marine concrete 
structures can impair their durability because they act as preferential pathways for chlorides 
to penetrate the concrete. In this way high chloride concentrations can occur at the level of 
the reinforcement, which will lead to a fast onset of corrosion. 
Clearly, crack closure could be very valuable to prevent the fast ingress of chlorides 
towards the steel reinforcement. Therefore, autonomous crack healing by means of 
encapsulated polyurethane was investigated in this research as a possible method to prevent 
fast ingress of chlorides through cracks. The results of the accelerated diffusion tests showed 
that healing of the cracks was able to reduce the penetration of chlorides to a large extent. For 
7 and 19 weeks exposure to a concentrated chloride solution, at least 75% self-healing 
efficiency was found at a depth below the exposure surface of 6 mm and onwards. At the 
longest exposure time of 52 weeks the self-healing efficiency was generally less, but 
increased with depth and still reached 79% at the largest investigated depth of 18-20 mm. 
This big reduction in chloride concentration due to the proposed self-healing mechanism will 
have important benefits for the durability of reinforced concrete in marine environments since 
a much lower amount of chlorides will reach the steel reinforcement through the cracks. 
Consequently, an extension of the service life of the concrete elements is possible. It was 
already found by Van Belleghem et al. [22] that, using this approach, the service life of 
reinforced concrete elements could be increased by a factor of 10. 
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